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NEUTRALIZATION OF SKEDBACK CAPACITANCE IN AMPUEDBRS 

VtOA of ilie inventiim: Tids invention relates to amplifier <arciiita, to such oncuits 
uppSed in wireless tanscwveis, particularly single ended or differential amplifiers . 
5 baving dicnitiy for cancellation of third order intennodulatlon distortion (IM3). and 
for neutralization of feedbacJc capaatancei, and to corresponding njeSiods of using such 
nwtpi^fifti« farpK^ndng amplified agnals. 

Description of the Relafed Alt: 
jQ ]iiskiiownftomXJSpateiit6,211,738 to provide inductors ferneuttaKzationof 

parasitic c^aoitance sach as collector-base c^acitanoe or drain-gate c^adtance of a 
single ended an^Kfier, as shown in Fig. 1. This is shown for amplifiers using a 
IiBteiojunctLoa bipolar transistor (HBT) formed on a gallium arsodide substrate, S)t ' ■ 
ippUcation in ampUfying MMICs O^onolifhic ^EcIOwave Integrated Circoit). Also 
IS mentioned are other types of transistors such as metal-semiconduotor field-effect 
tcansiatoits CMESFEI), nietal'<»dde-seimcondootor field-effect transistors (MOSFET), 
complementary metal-oxideHsemioonductor transistors (CMOS). Such amplifieis are 
subject to reduced gain when feedbadc between ih© input and output signals occurs, 
and to instability fiom such feedback. The inclusion of an inductive element between 
20 ttie output and the input tacminals can create a parallel resonant oiicuit with the 
feedback capacitance which presents a higher impedance feedback patii at the resonant 
frequency. An improvement is suggested of providing mductors at the mput and oi%ut 
of an amplifier posifiooaed so that a mutual inductance is created between flio two 
indnctora. This provide an inductive fbedback path to caaoel ihe inherent capacilxve 
25 feedback of transistor amplifiers. A large value of effective inductance can be obtained 
by vBing relatively smaH inductors, and can avoid the problem of low-&equ«icy 
instabilily. Nevertheless. Ibis document does not suggest how to improve Bneaiity. The 
figure shows amplifier circuit 125 comprising a traosifitor ampBfisr. 300 using 
inductive covq)ling to resonate with Ifae feedback c^aoitor. The trandstor amplifier 
30 300 contains capacitors C2 and C3. a transistor Qu and inductors Li andXs. Power 
sources Vb and Va are provided fbr the trandstor Qi. The presence of the inherent 
feedback between the collector and the base is indicated in dotted lines by a oapamtor 
Cf. The feedback cunent fiom the ouiput of the transistor Qi to the ii^ut of the 
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transisttw Qi is indicated by a cmient If. Input signal 305 is coupled to a first teraiinal 
of the capacitor C2. The second tenninal of flie capacitor C2 is conneored to the first 
tenninal of Ihe inductor Li and a base of the transistor. The second terminal of <he 
imiuctor U is connected to a first tenninal of a power source Vv The emitter of the 
5 transistor is connected to ground. The collector of lie transistor is connawed to a first 
tenninal of liie inductor La and the second terminal of flie capacitive feedback path. 
The second taminal of c^acitor C3 is connected as the ou^ut signal 310. The second 
tominal of the inductor La is connected to a first tenninal of a power souioe Va. The 
inducfctwa are physically positioned so as to create a mutual inductance M between 
10 HsmL ... 

It is fcoown ftom US patent 4,692,712 to pro^dde neutralization fbr a conunon 
base dif&tatfial anqdifier, using cross coupled transistors. The neutralization circuit 
includes a pair of emitter followers, ono coupled to the collector of each transistor of a 
common base amplifier fcr sensing the oulput voltage at each collector. A pair of 

IS tiansistOES. are coi^led one to eadbi emitter follower for applying the sensed voltage 
aoxosa a nautrali^ng inqpedance proponianal to ihe parasitic impedance seen at the 
collfictor of the opposite trtamstor of the common base an^lifier. The voltege appKed 
acioss Ibe nraitralizing impedances produces a coirection current 

Bndge neutralization for a tuned HLC latennediate EtequMcy amplifier is 

20 rf«wrainJ.A.Mataya,Q,W.Hiaines,andS.B.Maidiall,TFA^ 

Cooqiensated TraiBSiataK6»" 2SSE Jounial qfSSC, voL sc-3, no. 4, pp. 401-407. 
December 1968, hereinaftBr *'Mataya". Neutralization for a ^ngle ended amplifier by 
using an invwitins transfonaer is shown in T. Lee, "The Design of CMOS Radio- 
Frequency Integrated CSnmitB." Cambridge Univet^ 1998, hereinafter "Lee* 

25 The gfifect of out of band teimjqation s on intenmodulatjon digtortton rn nnmmrm 
emitter cireuits is shown in V. Aparia, and C. Peisico, **ESbct of Ou^of-band 
Temdnafiims on lot^modulation Distortion in CQmmon<-Eautter Citcait^" 1999 nrnv. 
MTTS Digest, pp. 977-980, June 1999 hereinaflBr '•Aparin*"99. 

It is taMWn team Philips semicond u ctors report RNR-T45-96.B-1025, 

30 1n5)roved IP3 behaviour of ibe 900Mh2 Low Noise Amplifier with the BFG425W** 
10 Dec 1996. that a single ende4 LNA caa be optimised for bi^est IP3 (ThirdHMder 
intercept point. wWoh is the inpvt power at wMob the fondamental output power = 
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fhiid order intOTnodularion (IM3) output power) by providing an extra series capacitor 
for decoupUng of the base to the ground, or by increasing lo- 

It is known to improve linearity by cancellation of third order 
intermodulation distortion (IMS) iq a common emitter atnplifier using series feedback 
5 or emitter d^naration 03 ahoxm in. K. Leong Fong and It G. Meyef, "High-ftequency 
nonlin^ty analysis of common-emitter and difffeacential pair transconductance 
stages," IEEE J. SoUdStctte Circuits, voL 33» pp, 548-555, April 2002, hereinafter 
'^ong^, A drawbai*: of this technique is that it also reduces the available gain of the 
amplifier stage. However, a sSraultaneous match fbr gain/power and linearity is 
10 possible when controUing the baseband and second harmonic impedances in a 
balanced or single ended configuration The basic principle of this technique is flie 
separate treatment of IMS products generated directly by third-degree nonlinearities, 
and IMS products that are generated indirectly by mixing of first- and second-order 
products with second-degree nonlinearities of the exponential base-eroitter juncrtion, 
IS Doing so, cancellation will only occur if both IMS contributions bave opposite sigps 
and equal amplitudes. This docummt sets out requirem^ for high-frequenoy 1M3 
cancellation regaiduig the common-mode impedances at the inr and output 
trans&rmetSr 

G. Niu, et al., "RF Linearity Characteristics of SiQ© HBT, " lEEB Trans, 
20 mcrowa^ Theory and Techniques, vol. 49, no. 9, pp. 1558-1563, September 2001, 
herdnafter **Nitf% shows how intermodulation in SiGe HBTs can be measured and 
contributions fi»m different nonlinearities can be distinguished. Feedback c^aoitaace 
is shown to cause load dependent nonlinearity. Optimisation of lai»rity by adjusting 
biasing and transistor collector doping is suggested, even thDUfifh this causes a tiade-off 
2S asitlimitsdieciiiK^ffjteqii^cyoftbed^es. 

Sommary of the Invention: It is an aim of the invention to provide improved 
apparatus or methods. According to a first aspect, the invention provides a tEansistor 
ampfifier drcnit having circuitry fbr canceUalion of tinrd order intermodulation 
30 distortion (IM3)» and fbr neuxralization of &edbad£capac^ 

The IMS cancellation contrxbutes to b^ter linearity^ while tbe c^acitance 
neutralization contributes hig^ and stable gain. These fbatuores are more oriikosonal 
than other prior art techniques in teims of gain and linearity over a wide dynamic 
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range. Hence there is less of a teade-ofif between the desirable properties of hi^ gain 
and good linearity. Notably they can be ireiplemeuted to have good efficiency and hi^ 
levels of integration, which are important for many applications such as -wireless 
transceivws for any Idnd of portable devices or consmaer equipment. 

As a preferred additional feataie, the amplifier is a single ended amplifier. 
These can be used for low noise anqjlifiere, and have advantages uaoluding lower noise 
figure <toe to the absence of a lossy balm at the ii^nit, high isolation, and smaller dhip 



As a prefen^d additional feature the circuitry for feedback c^acitance 
neiatolization con^oises a orarent to current feedback transforaier with a capacilance 
parallel coupled at the ou^ut path of the an^lifier. An alternative way of achieving 
audi neutralisation in a differential an^lifiar Is cross-coupled feedback capacitors, bur 
ihey do not reduce fbe common-mode feedback capacitance, and fliey m^e tihe 1M3 
oancdialion depi^dent cm the loading at the ou^nt of the amplifier. 

As a prefenred addittanial feature, the ciicuitcy fbr cancellation of third order 
tntQcmodntetion distortion is located at tiie ii^ut of the an^lifier, and does not depend 
on file loading of die transistor due to the aeutraliMtion of ttie feedback capadtence. 

As a prefeired additional feature, the omsaot to cuncent feedback franaformer is 
also used fiwr fiae o^ad&nce neutralis^Qn. ThiB can enable component count to be 
low. The vatoes of mduotanoes in the ttans&tmar can be tailored to enable both 
input ro a fcb i ng (eg. fiar noise), and capaoitaneB neutralization together with the 
c^ac^or Cx, wWdi enables ttno traasfbnner to become dual purpose: The IMS 
cancellation rBquiremews d^and on the mput out-of-band terminatiQas (baseband and 
secondrharwonio termination). The noise and mipedance match does depend on device 
scale and cttrrent, if base resistance is taken mlo account (which was neglected in 
[H^'dcn '02]). however in the ideal case (ib = 0) the optimum noise impedance is 
conjugate to the input inqiedance of the bipolar transistor for all currant kvels and 
device scales. 

As a pvefened additional feature^ the cuneot to eonent feedback ttanafeimer 
comprises a first inductor parallel coupled to an input of the anq»lifier. and a second 
inductor series coupled in an output path of the anapKfier, flie inductors being located 
to provide mductive mutual cot^ling. As a prefhned additional feature, fiie ctreuitiy 
for c^mdtance tteutiali23tion compiises a capacitor paialld coupled to flie ou^ut padu 
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The combinadon of OTr?ent.f^<iback transformer with a capacitor Cx at the output 
results in a frequency independent compensation of feedback capacitance. 

As a preferred additional feature, an emit^ of the transistor is grounded. This 
can hdp enable better IM3 cancellation. Otherwise inductive series feedback in the 
5 eouti»f can lead to asjmmetricallMS side bands for widobaiid signals 

As a prefetred additional feature, the amplifier is a differential ampKfier. 

As apr^feoed additional feature, the amplifier is a difEbrontial coramoa emitt^ 
an^Iifier. 

As a prefened additional feature, the circuitiy for cancellation of timd ord£r 
10 intennodulation distortion coiqprises resistive out of band tenjoinations. 

As a preferred additional feature, the circuitry for capadtaace neutralization 
comprises a current feedback or a voltage feedback transfbitoer. 

Another a^ect of the invention is a wireless ttansceivef havmg die axxqtUfior 
drdut as described above. 
IS Other aspects of the invention inchide methods of producing wireless sign^ 

using the transceiver. This is claimed separately to provide more cover fisr instanoes 
where iJie equipment is an or partly outside the jurisdiction, or where the vatoe of the 
use is much greater than the capital value of the equipment alone. 

Another aspect of the invention provides a single asded transistor amftlificr 
20 circuit having a first inductor parallel coupled to an input of the amplifier, and a 
second mductor series coi^led in an output patii of the amplifier, tiie inductors being 
located to provide inductive mutaal coiq>liu& and a capacitor parallel eoxqpled to thia 
output path, the capacitor and flie inductors bang dimensioned to neutralize jparaaitic 
feedback csgjacitance. This has corresponding advantages wheiiier or not cDmbined 
2S with IMS cancellation. 

Anther aspect of tiie invention provides a transistor amplifier eiteitit having 
two transistors in a difEoential common emitter arraneemoat, and having 
neutralization circuitry for neutralization of feedback capadtanoe, the neotralizatiosi 
oiicTtitcy oomprifflng a current feedback or a voltage feedbadc transformer. 
30 The additional features may be combined togettiar or conotbinsd with other 

aspects of liie invention as would be apparent to tiiose ddSed in the art. Otii«r 
advantages may be patent to those skilled in the ar^ particularly over other prior ait 
not known to the inventor. How the present invention may be put irito ej^ct wiU n^ 
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be described yfnAi. reference to the appended schematio diawing3. Obviously, numerous 
variations and modifications can be made without departing J&ian the spirit of the 
present invention. Therefioe, it should be clearly understood that the &m of the 
present inventiott is iUustrative only and is not intended to limit the scope of the 
S piesaxtinventiotL 

Brief Desckiptioa of tibe Drawings: 

The features of the invention will be better understood by reference to m& 
accompanying drawing which illusttafce prefexed anbodiments of the mvention. hi 
10 the drawings: 

KG. 1 shows a simplified frequency equivalent circuit diagram of a known BJT 
(BipolEor JTunfition Trmsistor)* 

HG. 2 siiows an amplifier having n^xtializalian of the feedback c^aeitance by means 
of a ouxrent-feedback transfiwmer, acewding to an embodiment of the invention, 
15 FIG 3 draws anotibor a m bod nni B nt having IMS cano^ation in a neutralized cinrent 
feedback an^lifier, 

FIG 4 shows another embodiment hatving neutralization of Ihs &edbadc o«qpadtence by 
means of a voItage'^EiBedbaAte tcansfonner, 

FIG 5 shows another embodimant having JM3 cancellation in a n^itcalized voltoge 
20 feedback aniplifiar, 

FIG 6 shows anoiiiBr embodipient bang a dif&rentiBi cuxrent feedback amplifier with 
uaUaimdvKtion andlMB-cancellation, 

PIG 7 tifaows another onbodiment being a dif^Bofial voltage feedback an^Ufier with 
nzdlateializatian and IMS-cancellation, and 
25 FIG. 8 shows aprior art single ended amplifiar. 

Descr^stion of Oie Pralittred Embodiments: 

The present invention will be described with respect to particular embodiments 
and Willi referee to certain drawings bw tiie iirrawion is not limited tiiere^ 
30 by Uie claima. The drav^ings described are only schematic and are non-Umitmg. In the 
drawings, tiie size of some of the elements may be exaggerated and xjpt drawn on scale 
fer illustrative purposes. Where the temi '♦oonpasin^* is used in the present 
dcsciq>tioQ and claims, it does not exchide oflier elem^ts or steps. 
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Farthennore, the terms first, second, third and the like in the desct^tion and in 
the claizns, are used fbr distinguishing between similar ^^ents and not necessarily ' 
fiw dascribing a sequential or chronological order. It is to be understood that the tarns 
so used are interchangeable under appropriate cwannstances and that the anbodiments 
5 of the invention described herdn are C£^le of operation in otliar sequence than 
deseiibed or Ulustcated herein. 

Moreo^, the terms top, bottom, over, under and the Vks in the description and 
the claiuB are used for dMcaiptive purposes and mt necessarily for describing relative 
pbsitians. B: is to be understood that &e terms so used are interchangeable under 
10 aOTiqpiiatedrcurastancesandaiatthefflnbo^entsof the^^ 

aie oi5>able of operation in other orientations tiian described or illustrated herein. 

Embodhnents of die invention described below mchxde an^lifiers utilirfng two 
techniques individually or in combmatfon. A first technique is a capacitance 
neutralization techoiqu© using a feedback transformer. A second technique is second- 
is harmonic control implementad hi the mput (or output) matchmg networks which can 
yield a notable redaction of fhiid-order intennodulation distattidn (IM3). 

Xifentraliratton of feedback capadtance in RF amplifiers 

Unilateralizalion of a transistor is in general achieved by neutralizing the effect 

20 of the feedback os^acitance. This technique is generally applicable to basically all 
transistor teidmologies (Silicon BTT, SiGe HBT, GaAs HBT, GaAs MESEET, QaAs 
HOawTT, MOSFET, etc). The main purpose of mulateiallzadon is to acMeve the 
maxhnum available gain of the transistor, white having uncon^&inal statnlily over the 
whole frequency band. An additional advaatage is that the irrput and output hnpedanw 

25 can be matdiedmdspeadmtly since there is no inlemdm between the itt-pndoul^ 
This has also some advaniages in the oaacellaSion of thfedrOider inteimodnlation 
distortion products OMS),. since it eases tiie requiremoits on the hnmonic sousce and 
load terminations. 

The IM3 ffimrel^wriftn tfae(»y as discussed in M. P. van der Beijden» H. C. de 
30 Graafit and L. C. N. de Vreede, "A Novel Rcequeausy-ladqiendent Third-Otder 
Intemjodidation Distortion Cancellation Technique Sx BIT AmpBfiers," TBEE Jl 
SolidState CSradts, VoL 37. No. 9. pp. 1176-1183, September 2002. and V. Aparin 
and C Posioo, "Effect of out-of-band tenninations on intemiodolaiion distoxttcm in 
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conQmon-emitier citcmits," lEBB MTT^ mgest, pp. 723-726, 1998, is dedicated to 
b^olar-baaed transistors technologies (Silicon B JT, SiGe HBT, GaAs HBT, and other 
HBTs). For EET^ it is less straiglitforward to use these techniques, however, it is 
possible that similar cancellation phenomena are present in FET-based technologies, 
5 but these have to be explored in more detail to come to a geoeial IM3.<!anceUation 
«xeoiy. the drcaiits discu^ed in this patent ^plication can be help&l in <his context 
since ibe imilstetal behavior of ifee amplifier stages lead to negligible interdependence 
of the in- and output non-linear sources witbin tits transistors. 

10 Eqnlvalekit Chxaft 

Fig. 1 ^lows fbe sinipliaed Ugh fijaquenoy equivalent cinaiit diagram of the 
BTT used in the descaiption of all the emibodiments of the invention. la &is figure: 
Cj^ » CoUeetor-base depl^don c^adtance 

Base-emitta: depletion cspacitance 
Cj aBase-emittardifiusionc^acitance 
Cjf a GoQeotDF-sobstrale depletion c^acitanee 
fip a Forward current gsin 
r|^ = Forward transit time 
ga =/e/^r ^traasconductaoca 
Vj- «=Thfitinal voltage 
= CoHector current 



13 The naaricet for third-generation QQ) wiceless peisonal communication systems 
demands linear low noise wplifiers (LNAs) operating at low DC bias conditions. In 
order to meet these requirements, various LNA implementations and topologies have 
been evaluated in flje past. From diese results, non-energetic feedback seeans to be the 
best solution to approximate the minimiim noise figure (iJ-min ) of the active device 

20 under inp^jt impedance matched conditions, hi this perspective, the common-emitter 
stage with mductive series feedback (OEISF) is quite often fevered due to its 
linearity, low noise and simpKdly. A modification to this circuit by means of 
traosfonner feedback, ofieis some advantages over the CEISF in terms of stabiKty 
and gain at low cnnem levels. However, also here stin a trade-off exists between 

25 linearity, gain and cuHent level. To solve for this, circuit techniques have been 
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introduced recently to improve the Uneaiity of bipolar transistors by means of proper 
even harmonic out-of-band terminations. Although very effective, the drawback of this 
technique is the dependency of the Uneaiity ^shancement on the second-hamionic 
loading conditions at ihe in- and the output, complicating practical implementations. 

5 One aim is to provide a solution for the low gain typically found in feedback DSlAs 
when operating at low current levels, while simultaneously^ achieving a well- 
conttolled linearity improvement independent of the output loading conditions. To 
tackle this problem, a novel circuit topology is introduced, which combines non^ 
energetic transfiMcmer current-feedback (CF) and neutraKzatiott of the coUector^base 

10 depletion c^acitance(C&:). 

The result is a unilateral amplifier stage with excellent output-to input isolation, 
fer^^jtatmg imcouditional stabilily and a maximum available power g^ln (MAG), 
even at low cmrent levels. Moreover, the hi^ isolation also proves to be beneficial in 
design of the required optimum out-of-band terminations. The CaF-t6pology is 

15 dhosen for its simplicity, since it combines simultanepi^ noise and hnpedanoe matdh 
wifii neutralization in an elegant fiishion. hi ^eory. neutralization is also possible fiwr 
the CEISP and other transformer feedback LNAs. However, the neutralization scheme 
would be mndi more con^jlex, resulting in rather impractiCBl implemeotatioiis- 

20 CURRENT FEEDBACK AMiXJNILATER^ 

First the general analytical £brmulatiQnforneu1ra]ij&ationinaCP az^cvl^fi^^^ 
be explained. Has is fbUoWPd by a discussion of how simultaneous noise and 
impedance matdi is obtained in the LNA. In all the analyses^ the base resistance (cifr ) 
is neglected to keep the expressions manageably since aim is to provide good 

25 conceptual insi^ of fhe drcuit topology. Fig. 2 shows a basic dronit diagiam of a 
common emitter stage with cuzrentr&edbadc (CBCF) and a neutralization elmienL 
The feedback trans&rmer consists of two mutually coupled inductors Z 1 and £ 2 of 

wbidiltae turn ratio canbee^g^ressed as: ^ (lA) 
where & is the ntiagnetic ooupUng coefQcieot. The CECF stage becomes unilateral 
30 when the reverse admittance parameter (yia ) is zero. The yiz of the CEGP is calculated 



r 
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asfbllows: 



(2A) 

wifiiycm aadycsa being the smallrBigiial reverse adznittance and oiKput admittance 
of fhe CE-gtag^ respectively, and Yn beins the neutralizatioa element. If ilie sedes 
resistance and the aatptet conductance of the intEinsio BJT are neglected, ^e 
5 admittances are e^qpreased as; 

v*ereCc9 is the oiiiebtor-snbstiate depletion Substitution of (3^) in 

(2A) yields the netitraHzation condition: ^' =Mf""^^~'C'„|s:jfljCj^, ^^^^ 
. Since fbe stagp bdEiBves imilmera%. ihe admitinnoe u 

10 aisd is expressed as: ^ .(5A) 

whCTe Cb^, 0F rndgm are the total base^emitter cspacitai^e, the ferward carrait 
gainandtbe transcoijduotanceoftbe BJT, respectively whiiA are 
noise calcidatioiL 

For the noise calcxOation ttie shot noise of fte base axid colleotor current is 
25 included with fheir power spectral density given by: 

5i{/J-25f^«2*I^« ^^^^ 

The noise parameters fbrthe drcuit can be ftimdiiidxigji noise conrelationmatdx 



2» ^ ' ■ '.(7A) 



When coinp aring the input admittance in (5 A) with (7A) it is obvious that the 
requirOTirat fijr sinmltaneouB noise and in^edance match is now completely 
detenninedbytbe tiansfiumer turn ratio n : 
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Note that the previous analysis is a simplificatioii of reality, since ti was: neglected. 
HowBveii tiie above provides a good starting point foir fiie actual cmaut design uang- a 
arcuit simulator. The next step is the iii5>lementation of the optimum oiit-of-band 
S tA n^-fi«rir«>« fin- ft lii|eft input tbirdrorder intercept point QIP3). • 

OPTBVCOM IPS "EERMINATIONS: Optimum drcuit conditions exist for cancellatian 
offhitdoKiCTintamodulation distortion (IM3) by usingproper even hannonic 
temiinatiottS at the iapvit and ou^ut of a CE stage. Since the CEC3F stage is 
10 iieiitralized, the D^- cancellation re(inirBment does not d^endo 

impedance. This greatly simplifies ^ cjqjressions for the source tenooinations at the 

basft-band ^"^"^^""^^rand seooiid-lifliinoiiicfiBqi^^ 

andihebase-emittisrdijeflisioii c^adtanceCrfa depend Hneariy on Uicnonf^ixiear 
15 ejqjonentlal collector cmient i e throng ftp and , respectively. As a result of the CF 
a current sotiroe(4*^«) appMisatflwh:«>nt.wMcaialso depefldsBnearlyoni^ 
total impedance connected to the base node (v/) is defined as Zi(u ).Stace f|» 
impedance of at Au. is negligible, ic is assumed that: 



20 



Urfng Aft mefiiod ahov?Mi in M. P. van der Heijden, H. C. do Giaaff, and L. C. N. de 
Vxeedfii ''A Novel Frequ«icy-Independent Third-Order fetermodnlation Distortion 
CancdUation Technique for BJT AmpEfieis/ IEEE J, SoKd-State Circuits, Vol. 37, 
2S No. 9,pp, 117€-1 183, SeptCTober 2002, (hecdnafter Heijden 2002X the required 
jpipedance at 2ta can be calculated for IMB-cancellation. 



Ideally, this solution doM not depend on curaot level, Iwwever, the canceHalioa imXL 
16 only occttr&rasin^e ftequeticy. Note thatif r^is potnegIected> analysis ahows fbat 
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Zs(2(ji3) will have a considerable real part, whidi also depends ou Ic again. A better 
solution would be Z!(dco)^Zj(2cD)^, whicli ideally gives a frequency independent 
cancellatioii of IM3. However, condition (9) is more piactical to lealize, since 2/ 
abeadypresentsashort fbr1iieIiaimoniesat/fa>. 
5 The enibodiinents described below are based on the above analj^is, 

represenliiig a new design approach for L3Sf As in order to meet the tequiremeats for 
gain^ linearity, and minimum noise figure at a minimum of DC power dissipatioiL 
Unilateialization and cuireat feedbadc arc combined in. order to obtain simultanebus 
noise and inqjedance match at low current levels with unilateral gnn- The high 
10 isolation ^isur^ well-oontcolled optimum out-of-baz^ t^minatioD. for high Imearity^ 
which do not depend on the output temiinationofthelNA. 

Kmbodimi^t I 

Fig. 2 shows the SxBt embodiment of the invention in which a current-feedback 
15 tinmsfbrmer is used together wilii a neutralizadon capacitance C^. The feedback 
trans:6>imer consi^ of two mutual coupled inductors X| and with a tirmiatio n as 
defined in Fig. 2, 

In order to neutralize the ooUector-base depletion capaoitanee C^, the 
fbllowmg conditiaa ahould be met: 
20 C^+Cpa(ii-l)Cfr Eq(t) 

whece C?|b, is flie equivalent collector-substrate c^adtance at the output of the BJT» 
which is in lo cated in parallel with « 

Furthermore, the current feedback topology provides an extra degree of 
freedom in conlroUxng the it^jut hnpedanoe ttirough the turn ratio n and the 
25 txansconductance g„ of transistor Qi independently of tbe load impedance Zj^ : 
2w Eq<2) 

Tbiis is partSeuIarly useful in the design of lownnoise amplifiers (XJNfAs), ^hen it is 
desired to make Ibe input uaopedance the campleiK coryugate of the optimum noi^e 
30 impedance £br a simultaneous noise/impedance match. 
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Compaied to the prior art nautrodyne method, uwg a voltage raverting 
tOTJ8ibnner,1hemethodofFig2greatIyreduce$thedepen4en<»oftheneada^ ' 

^*.>v.«iifim on Ae paiasftics of the ttanstotet. ihtts makmg it abroadband sohiiion. 
The camait feedbaffe topology by means of a t«msfeim6ff has been w 
5 E. H. NonJholt, Design ofHigh-Performmce Negative Feedback Ampmers, Elsevier, 
1983. AIso.inS. J. Mascm, 'Tower Oaiain Fee<aacfc Ap3plifieii**lRff 
C&«j»» 2»ewy, Vol, CT-l, pp. 20-25, June 1954, 

OA esdstence has been proven of loss-less transfbimatlon networic$,:T5bidi combinfi 
fbcdbadcTrith iTT^^'i?«« r»Hg«Kffl t- Wcwvever. there is no suggestion of the circuit aohitioo. 
10 of Fig 2. 

The patasitics for this type of transformer, win not cause any problems as one 
part of the cross-capacitance Ck between the windrngs is in parallel with Cps and can 
be talcen into account The other parasitic c^aatances ^pear at the input and the 
output of the circuit and will not pose a problem. Henoe ttieie is .no ftequency 
15 dapendOToy in the neutralizaticn condition, tiius giving ±e opportunily to use 
neutralization of feedback capaatancB in an faitegrated dicnit 

fieqnency range. 

Note, that in general the turn ratio of the tiansfonner is at least tea or higher 
(«S10). This results in a large self-inductance Li. which can be used as a matdiing 
20 element at the input of the amplifier. Shice U is big. it suffers ftom a paraalic 
substrate coupling. However, ttiis element wiU appear in shunt with the input of the 
amplifier and wiE therefore not caose harm. The self-inductance Lz can be made yeiy 
small and thns has a very small parasitic substrate coiqiliufe which is negligible in 
eaaq>arison with the cross-coupling {»pacitances. 
25 If applied in an LNA, which, uses a current feedback transfimner in order to set 

the input impedance equal to the opIimMtn noise impedance then the tma ratio of fte 
tranafcrmer can be optimized fi>r the optimum noise match. Secondly the 
neutialiastion c^adtance can be calculated to take into account the paiaaitics. Laaily, 
the optimum out-of-band mput tenninalioa can be impIomenlBd in order to set the 
30 requirements on 1P3, which is now independent of the load temnnation, as set out 
below. 



1M3 canceUation 
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Fig. 3 Shows anoAer embodimeat of the iavCT^ 
transfonner is used together with a neutralization c^acitance and a inatchiig 

netwoik at the kspvA of the amplifier in order to set the requiremeuts for IMS 
cancellation. 

Any arbiltaiy combination of Z^id^ta), and ZyCa©) can lead to JM3 
cancellation, but these are in general frequency selective. The leqairements for a wide 
band IM3 cancellation can be set by resistive oufc-of-band ter minafiAng at the base- 
emitter junction of the bipolar transistor Qi, which mainly depend on the following 
parameters; 

Frequency independent IM3 cancellation will occur when: 

2gM+n) 2g^ Bq(4) 
when Ci^-C^^lT^g^ 

wh^ Ciff is tiie total equivalent capacitance located at the base-eraittCT junction after 

15 neutraHs^ation of the feedback capacitance. 

The source and load impedance at the fimdamantal frequency Zsifo) , Z^C^s)) 

can be tuned independently for optimum gain and/or power transfer or for mmiivii^ 
noise. 

Ftethennor^ the second-bannonic load impedance Z^CZo)) can be used to 
20 increase the efSciency or to improve the Imeariiy when other non-Kneaiities become 
dominant as well 

Embodiment 2 

Fifr 4 shows another embodunent of die invention in which a voltoge-feedback 
25 transfonuOT is used togethenvith a neutralization capacitance and a resistance . 
Tnheffeedbadktransfomier consists of two mutual coupled hi^^ i:^ and Za witha 
turn ratio n as defined in Fig. 4. The additional neutralizapou element originates 
from the feet that there is a non-negligible input resistance r„ at the mput of the 
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Ttansistor (see Fig. 1). If iJyis neglected, an equivalent resistive feedback elfimrait 
would eppeac between tbe coUeotor and Hie bdse due to the trans&imer feedbkcfc - 
acti€iQ» XK^bidi makes Hie stage non-urnlateral aeaaxi even fhou^ CjJboB been- ' ' • 
neBtcoHzBd. Placing a teal resistaiice Rj, across flie base and the collector of the BIT . 
5 can compensate ferthk effect NotOi that fbrFETsfllis extra measure fa ■ 
^e ideaUy there is no gatMOurce resistance, only a gate-soujM capadtanM 

In order to obtain neutraUzafion of Cjt. the Billowing condifi ' 

10 whare A' »s the equivaleitt input resistance of 

is the total equivalent input capacitance of tilie BJT, Vi/bSaTa. inelndes the division = 
oapadtence ( r,r^„ ) and the baso-emilter depletion eapacitenoe C Cj» % 

Furthermoie, this iroplementadon provides a otnitoDlled lowoing of the output 
impedance " mutual inductors £, and 4 together 

15 with file transcondoctancB g, of translator Qi independent of the source impedance 

This is particularly uscftd in the design of pow«r isnniaifiere (^Aa), when it is 
dfiiriiedtoau«tditheonli>ntiinpedancefiMrm«yiTninn ou^iut power and efficiency, or 
20 loenhaoce&ewidfitbaiidbdMviorferlowtonjeifiumpoweran^Me^ 

rM3 cimceaaSon 

Kg. 5 diows anoiher embodimeot of the invention in w^^ 

tiaasJbimer is used.togefliar with a neotcaUzation capacitance Cf,, a resistance Uy, 
35 andamatchinguetwoikaltheii^putoftiieamplifferinonier • 
fbr I|S>43 cancellation. 

Any arbiliary confl>ination of Zs(Aa>}, and ZgClesii can lead to IM3 
cancdOation, but these are in i^end fi«q:tteaicy seleotive; The requirema^ 
band IMS cancdlation can be set by r^istive oulrof-band tenmnatiQns at the has©- 
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emitter junction of tbe bipolar transistor Qi, which maialy depend on the following 
paiameters: 

S Frequency indq)»ident IM3 cancellation win occur when (shown here fax the fiist 
time): 

when Qy-Q=2?>^„ 

where Cj^ is the total equivalent capacitance located at the base-emitter jiwction after 
neutralisatioii of the feedback capacitance. The derivation oilculatioa is vexy 

10 extensive, and and so is not presented here in fulL 

UnfoTtmiatelyr the voltage feedback topology does not rodult in a perfect IM3- 
canceHation, since a small portion of the.xion>-liaear base-emitter cunrent is transfiirmed 
to the output^ which cannot be compensated for by the conditions set in Eq (9), By 
adding a second-harmonic shocrt at the output again perfect IM3 cancellatLon yrill 

15 occur: 

Z^(2^) = 0 Eq(lO) 

Note that once again the source and load impedance Z^Co). Z^((si) can be tuned 

indepeaidently for qptimtsm gain and/or power transfer. 

Additionally, a trade-off can be made between Gnearily and efBdency by 
20 tuning Z^{2a>) , if no perfect IM3 cancellation is required. 



Embodiment 3 

Based on the single-ended current feedback topology in Mg. 3, a differential 
equivalent is shown in Fig. 6. The primary wtadings of the cmrent feedback 
25 transfiimiers (Z,, and Z3) fonn part of an input tians&tm^ Tu which allows 
differential-mode and common-mode signals to be treated separately. Ihe secondary 
windings of the cnrreEOt feedback transformers (Z^^ and L^) can be connected to za 
onlput transfcmner T2, which also allows differential-mode and common-mode signals 
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to De treated separately. In tbis way there is octhpgonaHty mjhe i»<iwrBment8 for " 
linearity and impedaflce matdi the fhndmental fisqu 

Newralizadon is as discussed in embodiinent I, Frequency indepeofleiit IM3 - 
canceUafion -vSL occur if the commaor^Bode sowce impedance is set acccnding to Eq 
5 (U): 

Z,^(A^)«g.^C2^)"ie^c° ^^^^^^^) "4|; <^^° ») Bq(ll) 
when Coi-Cg =2Tirg^ 

The fundamental sonice and load impedance Z,(«)). Z^C^)) can be tuned 
10 independently foroptimumgainand/orpoweajtransfer or ferurinimumm 

Futthennore, fte seoond-harmonio load impedance Zi^(2<») ^peaia as a common- 
mode in«)edance at Ihe output tcaosfonner and can be iised to fa^ ■ 
to in^mrre fl» Hnearity when othernon-linearities become d^ 
thiff ^ffT.fi gmrtirm m prindote sopports mnlti-octgve bandwidth, since the oolrpf-band 
15 teraiinationB ace aetfloongih fee common-anode impedance at Hae center tap. 

Embodiment 4 

Based on ihe single-ended voltage feedback topology in Fig. 5, a differential 
eqwiTalent is shown in Fig, 7. Hie secondary windings of Ihe voltage feedback 
temsfbtmets (4, and i*) fiMffli part of an oulpiot trana&xmer T2, which allows 
di^rettdal-mode and common-mode sigiials to be treated separately. The primary = 
tnn^ngs of tiie current feedback tcansfoHners (i,, and Z,) can be connected to an 
input ttansfbrmer Tu wWcih also aUowa difSaentiat-mode and common-mode signals 
to be treated aeparataly. fa Hus way there is otfljogonaKty ia the lejjnirements Ibr • 
25 lineaiityandttoeinHtehatthe fundamental fiBquency&rpofwer.gai^ 

Neutiafiisation is as discussed in embodimeDt 2. 

Prequeocy indepeodOTt IMS cancellation wTl occur wh«i (show^ 

•gxBttxme): 



20 
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when ^V-Q«2T>g-„ 

where is tiie total equivalent c^acStance located at tho base-emitter juajctian after 
neulralizatioii of flie fee^ack capacitance. Ftirfiieimote in order to enforce fidl 
cancellatiop, a requiremait on fte seccaad-harmomo common-mode load tsrmination 
C8d$ts: 

The aouice and load io^edance Zgief) , Z^Coj) can be toned independenfly for 
optimum gain and/or powor trans&r. AdditionaUy, a trade-off can be made between 
linearity and e£5fiiency by tuning Ztj.(2o) , if no perfect IMS cancellation Is recudred. 



£^arther embodiments 

PurQier embodiments of -ttie invention, in the finm of siag^ aided am pKfiftrB 
can use bipolar transistois &r tise as LNAs for amaplo, ^uni^ a$ mooned ^ov^ 
other types of txanslstoxs can be used, suOh as metal ojdde transistors. As has betti 

IS desoibed abov^ a trfnmi^ amplifier circuit 1^ a caireat to ament &edbaCIc 
transfiinner fiv neutralization of feedback c^acitance and setting the input impedance 
of the anqjlifier. 1M3 eanodUatian is itnplemented by out-of4)and temsinationB at fiie 
hqnxt; which does not depend on the loading of the ouqnit of the an^lifier. The IMS 
cancellation contiibntes better Ibeaxity, Whae tibe c^acitance neutializatioa 

20 ceatn^utesMgfa and stable gain. These features are more orthogonal flumoflwr prior 
art techniques intenns of gain and linraiity over a wide dynamic lange^ Hence there is 
less of a trade-olf between the desirable piopeitiea of high gam atid good KneariQr. 
Notably they can be in^kmented to have good efficiency and hi^ levels of 
integration, which are important for many ^>pEcations such as ivireless tianscehreis 

25 for portable devices or consmner equipment. The amplifier can be a single ended or a 
differential common emitter amplifier. It can use C3aAs HBT^ for RF applications or 
other bipolar tcchnologies^CSiO© iEJBT, OaAs HBT, Si BJT). 

Other variations will be apparrait to those skSlled m the ait smd ara hxtended to 
be encompassed wifiiin the daims. 

30 
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A cwmpai^on of Ifte enApiiKmettte: — 

A possible less advantegeous aspect of CTibodiment 1 is that it be difScnlt • 
to implemfint the resistive tennination at lequired for wide band IM3 eancellatioii, 
«uee tiifi primaiy vro«fing of Hie cuuent feedback transfoimer is groimded < A) and 
5 forces almost zero impedance at ttns lieqttency. This can Ue solved by using ^ 
eofliodiaieirt 3,'wh6re this is not aproblenr. 

However, using embodiment 3, it may be difficult to obtain the minimum noise 
figUK of the transistor technology, ^nce it is masked by the losses of the input 
tnmsfoianfflf balim. It is up to the destgiWr. which figMie is mwe in^iortant, Bneadty 
10 overa-vwdeftequencybandornoise, 

Bmbodiment 2 and 4 are prefcraifale for low to medium power amplifiers in 
mobile comraumcatioii systems, since flie output impedance can be tuned for 
maxmumx power transfer besides the gain improvement due to the neutralization 
techniqufl. The extra requirement on the second-harmonic load impedance (short) is 
15 only leqiriied for perfect IMS canceHation. In practice this wiU give not too many 
problems, since for a good class-AB efficieacy, a short is needed for foe ou*ut 
ijnpedance at the second-harmonic ftequency. 

EmbodhnentS isdifibestintenns of linearity over a wide bandwidfo, since it is 
not limited by a second-haimonic short at foe output Ideally, fois dicnit would give : 
20 the ulthnate frequency-independent IMS cancellation. One jdtenialivfe of using cross- 
coupled feedback caparators for neutralization causes a higji commonrmode feedback 
path. wWoh makes foe IMS cancellation dependent on foe second-hamaonic load- 
tennination again. In this perspective, embodiment 4 is also better suice 1^ 
interaction wifo foe input of foe ampUfier thtoufi^ a commonrmode feedback path;: 
25 aWwu^ itiequires s second^harmonic load temaination for perfect cancellation. 
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Claims: 

1 . A transistor amplifier circuit liavmg circuitry for cancellatioa of third ordei^ 
int^modulatLoxi distortion (IM3)» and circuitry for neutraUzation of ieedba£ilc 

5 oq[>acitasce. 

2. The amplifier circuit of claim 1> being a single ended amplifier. 

3. The amplij^ drcuit of claim 1 or 2, the circuitry for feedback capadtance 
10 neutralimtion comprising a current to current feedback tcansfonner and a capacitance 

paxaUd coupled at an output path of the amplifier. 

4. The amplifier circuit of claim 3, wherein the current to current feedback tcana&imCT 
is also used for aetting the input impedance of the amplifier. 

15 

5. The amplifier circuit of claim 3 or 4, the current to current feedback tcans&rmer 
comprising a first ixiductor parallel coupled to an input of the amplifier, and a second 
inductor series coupled in an output path of the amplifier, the iaducrors bdng located 
to provide inductive mutual coupling. 

20 

6. The amplifier of any preceding claim, the circuitry for capacitance neutralization 
comprising a voltage feedbacik transfbrmer and a capacitance parallel coupled at an 
input path of ihe amplifier. 

2S ?• The amplifier circuit of any of claims 3 to 6, fiirther comprising a feedback resistor 
to compensate fer amplifier input resistance. 

8. The amphfier circuit of any of claims 2 to 7, an emitter of the transisior being 
grounded. 

30 

9, The amplifi^ circuit of any of claims 1, or 3 to 8, comprising a differeotial amplifier 
having tvi^o or more transistors. 
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10. The amplifier cnouit of daim 9, comprismg a dififerential common emitter 

1 1. The amplifier ciicait of «iy preceding claim, the cmsuitiy for canceUation of third 

5 Older infennodulatioxi diatortion baiqg located at the input of the amplifier, and being 

independent of the loading of the tcaasistDr due to the neutcalizatiott of the feedback 
c^Kicitance. 

12. The a»5>Kfieroitcoit of aayprecediiig claim, the ciremtiy for cancellation of third 
10 oirierincetmodnlation distortion comprising leaistf^ 

13. The. amplifier ciicuit of any pracedhag clahn, tiie dreuitcy far cancellation of third 
oa^aer intenmnMation distortion being aixanged siu^h that a temiinatian. impedance is 
glvenby: 

^*iwn Cj^-Cj^lrfS^ 
or 

• whan c„-C^^2r^s„ 

tThere C„, is the total eqnivaleot transistor iiqmtcspacrltance after tienttal^ 
feedback o^aoftance. 

2p 

14. A tranastor amplifier (aiCTtt arrasgBd va. differential or sin^ ended finmat; and 
having a first inductor paranel coupled to an iriput of the anqjlifieri Jmd a second 
inductor sen'es coiqjlcd in an ouftnit path of the ampKfier, foa inductors being located 
to provide inductive mutual coupling, and a cqwoitor parallel coupled to the output 

25 path, the c^adtor and the inductors being dimensioned to neutralize parasitic 



15. A transistor amplifier ciicuit arranged in difSferential or single ended fi>nnqt. and 
having a first inductor series coupled to an hqiut of the amplifier, and a second 
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inductorparaUeUoupled in an otttpirt path of the anq)Mer, Ihe intoc^ 

to provide inductive mutual coiqjling, and a capacitor parallel coupled to an itipm path, 

the o^acitor and the indacims being dimaisioned to neutralize parasitic feedback 

capacitance. 

5 

16. A Wireless tiaascdLver having the amplifier ciicoit of any preceding cl^ 
17» A method of producing wirdess agnals using the transeoiv^ 
10 is.Anmt^gratedciicaithavingthefflnplifiefciTCuitoi'anyof claims ' 



19. Portable consumer equipment haviog a wirdess transcdver having the an^lifier 
circuit as set out in acy of claims 1 to 15. 
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NEUTRALIZATION OF FEEDBACK CAPACITANCE IN AMfLUlERS 

A transistor ampMa cncnit lias a cunent to ciMrent feedback transfonner for 
neutralizatioii of feedback capaoitance and setting the input impedance of the 
ampfifier, M3 cancellaiion is implemented by outrOf^baad tarrainations at the input, 
wbicli does not Sepeod on the loading of fee ovtpm of the amplifier. The IM3 
oancenation cootiibntes liptter BneariJy, while the capacitance neutwlizatian 
oontzibntes high and stable sain. These featores are more orthogonal than other prior 
art techmquea in tenns of gain and Unearify over a tyMe dynamic range. Hence there is 
less of a tradOHiff between ^ desindble properties of high gain and good linearity. 
Notfiibly they can be implemented to have good efficiency and high leirels of 
integration. wbaOx are Inipottant Sar many applications suOh as vdiel^s tiansceiveis 
fiw portable devices or consumer egnipment The an«»lifier can be a single ended or a 
diffeential common emitter anqiHfier. It can use QaAs HBTs fbar RF qjpUcations or 
otherbipolar techno]o|^ (SiGe HBT, OaAs HBT, Si STT). 
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